For the assessment of coronary stenoses severity, intracoronary pressure and bloodflow velocity were measured simultaneously during catheterization procedures. In 10 patients pressure measurements were performed distal and proximal of the stenoses. Simultaneously, the coronary bloodflow velocity was recorded using Doppler ultrasound catheters. Data was recorded at resting conditions and at hyperemia. AN signals were digitized at 2W Hz. Mean pressure gradients were plotted versus jlow velocity, and linear regression was applied to the h t a . The slopes of the resulting lines were used as an indicator for stenosis severity.
Introduction
The severity of coronary stenoses is usually assessed invasively by morphological measurements, such as quantitative coronary angiography (QCA) or intravascular ultrasound (NUS). The recent development of guide wires with miniaturized sensor tips allows the evaluation of additional functional information, namely intracoronary pressure and flow velocity. Various methods have been developed for this task, such as the calculation of myocardial fractional flow reserve (FFR) derived from pressure measurements [I] or Wavewire, Jomed, USA) was used for measuring the pressure pd distal of a lesion. Prior to the examinations the sensor of the pressure wire was placed near the outlet of the guiding catheter and the two pressure signals were equalized to avoid a signal offset. For flow velocity measurements a Doppler guide wire (Flowire, Jomed, USA) was also placed distally of the lesion in the vicinity of the pressure sensor. Figure 1 shows a schematic of the measurement setup. Maximum flow was induced by continuous intravenous infusion of 140 Dg adenosin&g/min.
Thus, a significant pressure gradient A p = p , -p , occurs in the presence of a stenosis.
Over a period of two minutes the two pressure signals and the flow velocity were recorded simultaneously, along with an electrocardiogram (ecg). A typical set of signals is shown in Figure 2 .
Here, A p denotes the pressure gradient and V denotes the flow velocity. The values a and b are constants that have to be determined for stenosis characterization. However, this evaluation has to be performed in certain parts of the heart cycle 121, which requires manual selection of signal windows for each cycle. This approach is time consuming and might not be feasible in clinical practice. Therefore, in this work the average pressure gradient A p was plotted against average flow velocity P, which has been previously investigated in animal models [6] . This approach does not require manual editing. Linear regression was applied to the data and the graph of the resulting straight line was determined using the equation: &-=m.V + n The value m denotes the slope of the straight line, which was used as a parameter to characterize the resistance R, of a stenosis. The value n denotes the ordinate intercept (zero flow), which was not considered in the subsequent analysis.
For the derivation of the proposed new spectral parameter, signal windows at resting conditions and at maximum hyperemia were evaluated separately, in order to test the hypothesis that hyperemia is not a prerequisite for this method. After removing the mean values, the instantaneous pressure signals were Fourier transformed.
The frequency range of the signals was limited from 0 Hz to the 8" harmonic of the fundamental frequency. The cross correlation function (CCF) of the spectra was used to assess the stenosis severity. The normalized CCF can be expressed as: 
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In this eauation. fA and P, denote the discrete Fourier 2.2.
Data processing and analysis
The data was digitized at 200 Hz and stored on a personal computer for oftline processing. Data analysis was performed with the Matlab@ software package (The Math Works Inc., USA).
F'rior to the analysis the data was low pass filtered to remove unwanted noise. A moving average filter was used to compute average pressure and flow signals. 
Results
The severity of the examined stenoses ranged from angiographically mild to severe obstructions, with FFR values between 0.96 and 0.66. In all patients maximum hyperemia was induced by intravenous infusion of adenosine. In Figure 3 the mean pressure gradient is plotted versus the mean flow velocity. Four datasets are exemplarily shown. In each set the flow ranges from resting conditions to hyperemia, which is patient specific. Due to the presence of stenoses the pressure gradient also rises. The graphs reflect different degrees of hemodynamic significance. Stenosis resistance changes from moderate to high with increasing slope, which was verified by FFR and QCA. The correlation of the linear regression is r > 0.95 for all graphs. Figure 4 shows the comparison of the estimated slopes m with FFR for all ten patients. As expected, the slopes increase with stenosis seventy, as indicated by FFR. 
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Discussion
The results show a high correlation between FFX and the slope of the mean flow-pressure gradient relationship. As expected the slopes increase with stenosis severity. This suggests that the flow-pressure relationship derived from mean values is a useful indicator to characterize functional stenoses seveiity. The evaluation of mean values is a robust method that does not require manual editing. Furthermore, the slope as a single parameter for le-sion assessment seems to be sufficient and more convenient as opposed to the analysis of 2" order polynomials.
It is known from fluid dynamics that the simultaneous measurement of pressure and flow velocity describes a lesion most accurately In those cases the cross correlation of signal spectra might be more accurate because this method does not require the selection of a region within a pressure cycle.
Conclusions
This work presented first clinical results of intracoronary pressure and blood flow velocity analysis for the assessment of coronary stenosis severity. The slope of the flow-pressure relationship calculated from mean values was used as a parameter for stenosis characterization. This evaluation method proved to be robust and did not require manual editing. The comparison with the fractional flow reServe showed a high correlation, which suggests that this method is feasible in clinical practice.
Furthermore, spectral analysis of pressure waveforms was investigated. The maximum of the spectral cross correlation function showed a correlation to FFR of r 2 0 . 8 9 both at resting conditions and maximum hyperemia. Therefore, this parameter can potentially be used in cases where induction of hyperemia is not possible. This has to be verified in subsequent clinical studies with a higher patient population.
Future work will be dedicated to the quantification of the parameters derived in this work. In comparison with the best validated approach in the evaluation of coronary artery stenosis severity (FFR), upcoming clinical trials will have to determine suitable threshold values as guidelines for clinical decisions for subsequent interventional procedures.
